Abstract. Curved channel is one of the common plain river types. Its characteristics of natural curve and narrowness limit the scale of cornering, increase the difficulty of ship maneuvering and may cause a series of navigation safety problems. In this study, the process of ship's continuous turning in the curved channel is simulated basing a ship motion model. A series of limited parameters are proposed. The simulated ship's trajectory agrees well with the planned route in the curved channel.
Introduction
Ship turning is deemed important for navigation safety in continuous curved channel. Under the effect of the thrust force, rudder pressure and yawing moment, the ship moves along a certain curvature at a certain drift angle and turning angular velocity. When the radius of curvature of the ship's track is close to the radius of curvature of the curved channel and the course angle changes according to the bending direction of curved channel, the ship can pass the curved channel smoothly. The ship's course must be constantly changed according to the curvature of the channel so as to maintain the navigation track of the ship basically consistent with the curvature of the channel. [1] proposed a method to reduce the steering error caused by the uneven distribution of water flow in the curved channel, ensuring the ship can navigate accurately on the planned route in the curved channel. Based on the hydrostatic turning equation of ship, [2] established the motion model for ship turning in the curved flow channel and put forward the ship handling instructions. [3] studied the accidents in the curved channel to search the method for safe navigation in the curved channel. [4] conducted ship model test in a continuous curved channel. The effect of water depth, flow velocity and central angle of corner on the ship's drift angle is investigated. Depending on the relationship between the maneuvering index K and T and the ship's turning circle, [5] established a first-order ship maneuvering model by using MATLAB to realize the dynamic description of the ship's turning circle. [6] combined the three-dimensional flow mathematical model and ship maneuvering mathematical model to evaluate the navigation conditions in the curved channel. The turning process along the planned route in the continuous curved channel was simulated by establishing the response model.
Ship Maneuvering Motion Model
In order to study the movement of a ship, a mathematical model of ship motion should be established.
Establishment of Ship Motion Coordinate System
A coordinate system of ship motion is adopted to quantitatively describe the movement of a ship. The coordinate system whose origin is located at a certain point of the ship is considered as being fixed on the ship hull. Normally, the origin, O, of the kinematic coordinate system is taken at the gravity center of the ship, G. In the kinematic coordinate system, the OX axis is generally taken in the longitudinal mid-ship section, with the direction pointing towards the bow and parallel to the waterline.
Mathematical Model of Ship Motion
At present, there are mainly two kinds of ship motion modeling [7] . One of them adopts the integral model structure, regarding the ship, propeller and rudder as an integral whole. The other one is the mathematical model group or MMG. The MMG model has explicit physical meaning and good universality due to the fact that the overall force on the ship is decomposed into the separate force on the ship, paddle and rudder and their mutual interaction. Therefore, the MMG model is selected as the ship motion model in this study. When the origin of the coordinate system is fixed at the ship's gravity center, the MMG model could be expressed as follows:
where, X, Y, N are the longitudinal force, transverse force and moment of ship turning, respectively; m is the hull mass; mx and my are the additional masses in the longitudinal and transverse directions, respectively; IZZ and JZZ are the yawing moment of inertia and additional moment of inertia; H, P and R represent viscous fluid, propeller and rudder, respectively.
Linear Response Model
Nomoto's first-order approximate differential equation of ship maneuvering [8] is adopted:
where, T, K, r and δ are the turning lag index, the ship turning ability index, the turning angular velocity and the rudder angle, respectively. Equation (2) is called as the first-order response model. After the start of steering, the trajectory of the ship gravity center, namely the instantaneous vertical distance and the horizontal distance, can be obtained by the following equation:
where, v(t) is the speed of the ship after steering; φ(t) is the turning angle after steering. The instantaneous turning angle, φ(t), was obtained based on the Nomoto's first-order ship maneuvering equation:
where, T and K are the ship maneuverability index [9] ; δ(0) is the initial rudder angle; t1 is the steering time.
Simulation Model Test
After the first-order response model is established, horizontal motion of a ship is simulated. The main parameters of the simulation ship are shown in Table 1 . A simulation test using MATLAB was conducted to get ship's position. Several assumptions are listed: the ship navigates at a constant speed on a calm water without any wind or flow; the initial steering angle is δ = 35 ° (right full rudder). Figure 1 shows the simulated trajectory of turning motion of the ship. Simulation results of turning operation are shown in Table 2 . The actual ship test results show that the range of turning diameter is 3-7 m in full rudder rotation in deep water. As shown in Table 1 , the simulation results basically fall in the range. In the process of simulation, all the parameters of K and T in [10] are simulated. The results are in good agreement with the actual ship test, which shows that the simulation model is reliable.
Ship Motion Simulation in Continuous Curved Channel
The process of ship turning along a planned route in a continuous curved channel is simulated with the first-order linear response model.
Ship Motion Simulation
As shown in Figure 2 , the planned route for a given continuous curved channel is determined as OA-AB-BC. After outputting rudder angle (δ 1 ), the ship starts to turn at a turning point M [11] . The ship turning trajectory is obtained by using MATLAB simulation. Then, change the turning point and rudder angle to get a different trajectory. d is the distance between the ship position and planned route AB. θ is the included angle between ship moving direction and planned route AB. If there exists a certain point in the trajectory that meets the limited parameters d and θ, the trajectory meets the first turning requirement, thus determining all feasible turning trajectories. The second turning continues at a certain point on the feasible trajectories of the first turn which meets the limited parameters. The counter rudder angle, δ 2 , will make the ship navigate to the planned route BC. The trajectories at different rudder angles, δ 2 , are simulated by using MATLAB. Then use d and θ to determine the feasible trajectory for the second turning.
Simulation on the First Turning
The In continuous curved channel [12] , there are many feasible trajectories for each rudder angle δ1 corresponding to multiple turning points, indicating that there are multiple feasible turning points for passing through the first turning segment under the control of steering angle, δ1. Meanwhile, with the change of rudder angle, δ1, the turning point area changes and the feasible turning trajectory also changes.
Simulation on the Second Turning
On feasible turning trajectory obtained from the simulation on the first turning, the ship continues the second turning under the counter rudder angle, δ2. The turning trajectory under the control of the steering angle, δ2, is simulated and the feasible trajectory is obtained from the limited parameters. AB and BC are taken as the planned routes of the second turning segment of the continuous curved channel. AB is the planned route before the turning, and BC is the planned route after the turning. . Turning trajectories when δ1 is 5°. Figure 10 . Turning trajectories when δ1 is 10°. Figure 11 . Turning trajectories when δ1 is 15°. Figure 12 . Turning trajectories when δ1 is 20°. Figure 13 . Turning trajectories when δ1 is 25°. Figure 14 . Turning trajectories when δ1 is 30°.
Due to the angular velocity and angular acceleration of the ship, the ship cannot turn immediately after the second steering and will continue to move along the original trend until the inertia of the ship is overcome.
Conclusions
The simulation results show that the first-order simulation model of ship maneuvering established by using Simulink toolbox of MATLAB can simulate the process of the ship's turning along the planned route in a continuous curved channel. By setting a series of limited parameters, it is possible to find feasible ship turning trajectories for dynamic description of continuous turning in the continuous curved channel. It provides a new basic research method for exploring the control strategy of ship navigating in the continuous curved channel.
